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K-pathwayThe K-pathway is one of the two proton-input channels required for function of cytochrome c oxidase. In the
Rhodobacter sphaeroides cytochrome c oxidase, the K-channel starts at Glu101 in subunit II, which is at the
surface of the protein exposed to the cytoplasm, and runs to Tyr288 at the heme a3/CuB active site. Mutations
of conserved, polar residues within the K-channel block or inhibit steady state oxidase activity. A large body
of research has demonstrated that the K-channel is required to fully reduce the heme/Cu binuclear center,
prior to the reaction with O2, presumably by providing protons to stabilize the reduced metals (ferrous heme
a3 and cuprous CuB). However, there are conﬂicting reports which raise questions about whether blocking
the K-channel blocks both electrons or only one electron from reaching the heme/Cu center. In the current
work, the rate and extent of the anaerobic reduction of the heme/Cu center were monitored by optical and
EPR spectroscopies, comparing the wild type and mutants that block the K-channel. The new data show that
when the K-channel is blocked, one electron will still readily enter the binuclear center. The one-electron
reduction of the resting oxidized (“O”) heme/Cu center of the K362M mutant, results in a partially reduced
binuclear center in which the electron is distributed about evenly between heme a3 and CuB in the R.
sphaeroides oxidase. Complete reduction of the heme/Cu center requires the uptake of two protons which
must be delivered through the K-channel., University of Illinois, 600 S.
3 9075; fax: +1 217 244 3186.
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
Cytochrome c oxidase catalyzes the reduction of oxygen to water
with the concomitant generation of a proton electrochemical gradient
across the membrane. The electrons and protons used in the chemical
reaction come from opposite sides of the membrane. Protons are
delivered to the active site buried in the hydrophobic interior through
proton-conducting channels. The X-ray crystal structures of the A-
family [1,2] aa3-type cytochrome c oxidases [3–6] reveal the presence
of two proton-input channels, named the D- and the K-pathways.
These two pathways provide 4 protons/O2 that are consumed at the
active site to generate 2 H2O, and another 4 protons/O2 that are
pumped across the membrane. Previous studies have shown that the
D-channel is used for all 4 of the pumped protons and, in addition,
provides either 2 of the protons required for the chemistry at the
active site. The K-channel is used to provide 2 of the chemical protons
consumed at the active site during the reductive part of the catalytic
cycle inwhich the heme/Cu active site is reduced, prior to the reactionwith O2 [7–13]. The motivation of the current work is to determine
whether blocking the K-channel completely blocks electrons from
entering the binuclear center or whether the heme/Cu center can be
partially reduced even if the K-channel is blocked, as suggested by
previous work [8,14].
In the Rhodobacter sphaeroides oxidase, the K-pathway begins at the
cytoplasmic surface at E101 in subunit II (E101II), and continues through
highly conserved residues in subunit I, including K362, T359 and Y288
(see Fig. 1). Y288 is at the active site and is covalently cross linked to
H284, a ligand to CuB (the crosslink is not pictured in Fig. 1). The
hydroxyethyl side chain of heme a3 is also thought to be part of this
pathway since it is hydrogenbonded to awatermolecule near T359. The
K-pathway, as seen from several crystal structures in various redox and
ligand-bound states, does not have a well-ordered string of water
molecules as observed for the D-pathway [3–5,15] (Fig. 1).
1.1. Effects on the kinetics of electron transfer by mutations in the
K-channel
The major experimental approach to decipher the role of the K-
channel is to use mutations which block or substantially slow proton
ﬂux through the channel [7–12]. Common features shared by the K-
Fig. 1. The active site and residues in theproton-input pathways of the cytochrome c oxidase from R. sphaeroides. Red spheres arewatermolecules that are resolved in theX-ray structures.
620 K. Ganesan, R.B. Gennis / Biochimica et Biophysica Acta 1797 (2010) 619–624pathway mutants are a very low steady-state oxygen reduction
activity and a greatly decreased rate of reduction of heme a3when the
oxidized enzyme is reduced anaerobically. Most studies have focused
on the K362M mutant (R. sphaeroides) and the equivalent K354M
mutant in the Paracoccus denitriﬁcans oxidase, but similar behavior is
demonstrated by E101II and T359 mutations in the R. sphaeroides
oxidase.
By comparison, there is little effect by thesemutations on the rate of
reaction of O2 with the fully reduced oxidase. Mutations in either S299
or K362 do have a very subtle effect (2-fold slower) on the rate of
electron transfer from reduced heme a to the binuclear center to form
the PR state in the reaction of O2with the fully reduced enzyme. This has
been interpreted as the positively charged K362 side chain moving
towards the binuclear center to partially compensate for the negative
charge carried by the electron [16]. This subtle effect has been described
in terms of the K-channel functioning as a “dielectric well” [14].
Nevertheless, the main observation of K-channel mutations is the
dramatic decrease in the rate of reduction of heme a3 upon anaerobic
reduction of the fully oxidized enzyme, which is accompanied by
blocking the uptake of two protons by the enzyme [13]. These single-
turnover oxidation and reduction experiments imply that the loss of
steady state activity resulting from the K362M mutation is due to
impairment of the reductive portion of the catalytic cycle.In contrast, it has been shown that blocking the D-channel by
mutating the entry residue (e.g., D132N in the R. sphaeroides oxidase;
D124N in the P. denitriﬁcans oxidase) has very little effect on the rate or
extent of the anaerobic reductionof hemeaor hemea3 [9,13], nor on the
number of protons taken up by the enzyme upon reduction [13]. These
data are consistent with a unique role of the K-channel to deliver
protons to the binuclear center to accompany reduction of heme a3.
The question of whether reduction of CuB also requires a proton to
be delivered through the K-channel was examined by Jünemann et al.
[14], who concluded that the K362M mutation does not block the
reduction of CuB. Wikström et al. [8] further proposed that in the wild
type enzyme, the K-channel allows only one proton to enter the
binuclear center, which results in the electron on CuB to distribute
between heme a3 and CuB, but that full reduction of the heme a3/CuB
binuclear center requires a second proton to be delivered through the
D-channel. This last suggestion is not supported by work from other
laboratories [9,13].
1.2. Effects on the stoichiometry of proton uptake by mutations in the
K-channel
The stoichiometry of proton uptake accompanying the anaerobic
reduction of the P. denitriﬁcans cytochrome oxidase has also been
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reduction of heme a, and this is independent of either the K-channel
or D-channel. Approximately 2.5 protons (depending on pH) are
taken up concomitant with reduction of the heme a3/CuB binuclear
center. Blocking the D-channel by mutagenesis (D124N in the P.
denitriﬁcans oxidase) has virtually no inﬂuence on the proton
stoichiometry accompanying reduction. However, blocking the K-
channel by the K354M mutation (equivalent to K362M in R.
sphaeroides) reduces the proton stoichiometry by about 2 protons.
These data show that the D-channel is not involved in the reductive
half of the catalytic cycle.
1.3. Additional experiments also link the K-channel to proton uptake
upon reduction of the oxidized binuclear center
1) The K362M mutant, which exhibits virtually no cytochrome c
oxidase activity, can use hydrogen peroxide as an electron
acceptor in place of O2 [9,17]. This reaction bypasses the need
for the ﬁrst two electrons to reduce the binuclear center prior to
substrate binding, since the substrate (H2O2) is already reduced by
two electrons relative to O2. Hence, the two-electron reduction of
H2O2 to 2 H2O does not require the K-channel and is not affected
by the K362M mutation. In contrast, mutations that block the D-
channel do block the peroxidase activity catalyzed by the enzyme.
2) Immediately after the reaction of the reduced enzyme by O2, a
transient “activated” oxidized “OH” state [18] of the enzyme is
formed. Photo-injection of an electron into this “OH” form of the P.
denitriﬁcans oxidase results in rapid electron transfer to the heme/
Cu center, accompanied by proton uptake (measured by the
accompanying transmembrane voltage). Repeating this experi-
ment with the K354M mutant (equivalent to K362M in the R.
sphaeroides oxidase) shows that the proton uptake requires the K-
pathway [18].
3) Photolysis of the CO-ligated mixed valence K362M oxidase (CuA
and heme a are oxidized; CuB and heme a3(CO) are reduced)
results in “reverse” electron transfer from heme a3 to heme a,
accompanied by the appearance of a proton in solution when the
pH is above 9 [11]. This is due to deprotonation of water at the
binuclear center to form hydroxide [19]. Comparison of mutants
with the wild type enzyme shows that the proton release is
through the K-channel. However, at pH 7 no proton release is
observed.
1.4. Insights about the K-channel from computational studies
The lack of proton release at pH 7 concomitant with the “reverse
electron transfer,” described above, has been addressed by a
computational study of how the pKa values of residues near the
active site are inﬂuenced by the redox state of the metal centers [20].
This study concluded that only one proton is required to stabilize the
two-electron reduction of the binuclear center [20]. According to this
study, the oxidized enzyme has water associated with ferric heme a3
and a hydroxide associated with CuB, and that reduction of CuB does
not require proton uptake but is stabilized by simply shifting the
hydroxide to ferric heme a3. Addition of the second electron to reduce
heme a3 is proposed to require a proton to convert the hydroxide to
water. However, in the “reverse electron transfer” experiment, the
proton remains because the pKa of the water on ferric heme a3
remains above pH 7 because of the proximity of reduced heme a. If
both heme a and heme a3 are oxidized, the pKa is below pH 7. If there
is an electron on either heme a or on heme a3 (or both), the hydroxide
at the active site is protonated to form water.
However, the conclusion that only one proton should be taken up
upon reduction of both heme a3 and CuB is contradicted by the
experimental observations that two protons are taken up by the
reduction of the binuclear center [13].Computational work also indicates that interactions with a nearby
watermolecule stabilize the K362 side chain in the protonated state at
neutral pH in the oxidized enzyme [21–23]. It has been proposed
[23,24] that the movement of the cationic side chain of K362 towards
the binuclear center could provide some charge compensation upon
reduction of the binuclear center, acting as a “dielectric well” [14].
However, no evidence of different conformations of the K362 has
emerged from the X-ray studies, andmolecular dynamics studies have
also not provided support for such motions [21].
Computational efforts to determine the pKa of residues within the
protein are very sensitive to structural details. A recent X-ray crystal
structure [15], resolved to 2.15 Å, revealed structural changes in the
K-channel upon reduction of the R. sphaeroides oxidase. There is a shift
in the position of helix VIII (which contains K362) and changes in the
location of resolved water molecules at the top of the K-pathway [15].
In both redox states of the enzyme, there is no continuous hydrogen
bond chain that could serve as a “proton wire” [25] deﬁning the K
channel, as there is in the D channel (see Fig. 1). It has been proposed
[26] that the lysine side chainmay bemobile and shuttle protons from
the region below K362 to the region above K362 within the channel,
but this is not observed in the molecular dynamics study by Cukier
[21].
In the current work, the kinetics of the anaerobic reduction of K-
channel mutants of the R. sphaeroides oxidase is re-examined.
Speciﬁcally, two questions are addressed.
1) Is CuB rapidly reduced during the anaerobic reduction of the
K362M mutant?
2) Is the rapid reduction of heme a3 completely blocked by the
K362M mutation?
It is concluded that the binuclear center can be reduced rapidly by
one-electron in the K362M mutant oxidase, and that this electron
is shared between heme a3 and CuB. EPR data provide direct
evidence for the ﬁrst time for the partial reduction of CuB upon
anaerobic reduction of the K362M mutant. Protons, delivered
through the K-channel are required for the second electron to
complete the reduction of the binuclear center.
2. Materials and methods
2.1. Site-directed mutagenesis
The mutation K362T in subunit I was introduced into the plasmid
pJS3(X6H) [27] using the Quikchange site-directed mutagenesis kit
(Stratagene), using the following primers: K362Tfor: 5′-CCACCGGCAT-
CACCATC TTCTCCTG-3′ and K362Trev: 5′-CAGGAGAAGATGGT-
GATGCCGGTGG-3′. The gene was partially sequenced at the University
of Illinois W. M. Keck Center for Comparative and Functional Genomics
to verify the mutation. This insert, with the mutation, was ligated to
pRK415 [28] before conjugation into R. sphaeroides. Othermutants used
in this work have been previously described [29].
2.2. Protein puriﬁcation
Cells were grown and enzyme puriﬁed as described previously [30].
For EPR samples, cells were grown in the presence of high magnesium
(1200 µM) and low manganese (0.5 µM) concentrations to eliminate
boundmanganese from the enzyme. Protein samples to be used for EPR
were dialyzed against buffer containing 10 mM EDTA. These samples
were then concentrated and exchanged to EDTA-free buffer.
2.3. Measurement of cytochrome c oxidase activity
Steady-state measurements of the activity of the oxidase were
made polarographically using a YSI model 53 oxygen meter. The
reaction mix contained 1.8 mL of 50 mM potassium phosphate buffer,
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(N,N,N′N′-tetramethyl-p-phenylenediamine) and 30 µM horse heart
cytochrome c. Upon the addition of oxidase, oxygen consumption was
monitored and the enzyme turnover number was calculated.
2.4. Measuring the rate of reduction of heme a3
The kinetics of reduction were monitored spectroscopically using
an Applied Photophysics SX-18MV stopped-ﬂow spectrophotometer
equipped with a photodiode array detector under anaerobic condi-
tions. Sodium dithionite in argon-sparged buffer was rapidly mixed in
a 1:1 ratio with the solution containing the enzyme, in the same
anaerobic buffer, to give a ﬁnal concentration of 2 mM dithionite and
2 µM wild-type or mutant oxidase. Before mixing with dithionite, the
oxidase was incubated with 100 µM ferricyanide for 15 min to ensure
full oxidation of the sample. The buffer used was 50 mM BTP (bis-Tris
propane), adjusted to pH 8, containing 0.05% dodecylmaltoside. In
some experiments, hexaammineruthenium (II) was used at a ﬁnal
concentration of 50 µM along with dithionite. The data sets were
collected in triplicates. Time-resolved spectra thus obtained were
analyzed using the Pro-K software from Applied Photophysics and
with OriginPro 8.
2.5. EPR spectroscopy
X-band EPR spectra were recorded with a Varian 122 spectrometer
equippedwith anAir Products Helitran cryostatmaintained byUniversity
of Illinois EPR Research Facility. Experimental conditions: tempera-
ture,15 K; microwave power, 20 mW; modulation amplitude, 10G;
recording time, 60 s;microwave frequency, 9.0448 GHz. Oxidase samples
were 90-100 µM in 25 mM Hepes, pH 7.4, 0.05% dodecylmaltoside.
3. Results
3.1. The rate of reduction of heme a3 in the K362M mutant
The anaerobic reduction kinetics of K362M is compared with the
wild type in Fig. 2. A 1000-fold excess of sodiumdithionitewas rapidly
mixed with the enzyme under anaerobic conditions. The extent of
reduction of the hemes was determined by the absorption change inFig. 2. Kinetics of the anaerobic reduction of the hemes in thewild type (WT) and K362Mmuta
The absorption difference [A445nm−A460nm] was divided by the nominal enzyme concentratio
50 mM bis-Tris propane, pH 8, with 0.05% dodecylmaltoside. One syringe contained 4 mM dith
K362M was collected over two time ranges, t=20 s (solid) and t=1000 s (dotted). (B)The to
(dotted). The bottompanel shows the resolved component spectra of the reduction kinetics. Th
and has a rate of 2 s−1. The second and third components, with troughs at 413 nm, corresponthe Soret region of the spectrum, ΔA445–460=[A445nm−A460nm]. The
reduction of both hemes in the wild type was essentially complete
within 2 s, whereas the reduction of K362M took N1000 s to go to
completion, as reported previously [9]. The kinetic ﬁtting of the
spectroscopic changes in the K362Mmutant occurring within the ﬁrst
65 s indicated phases, with rates of 2 s−1, 0.37 s−1 and 0.022 s−1
(Fig. 2B). The spectrum of the ﬁrst (2 s−1) component conforms to
that of heme a [31], whereas both the second and third components
have similar spectra, corresponding to that of heme a3 [31]. The
spectra of the dithionite-reduced K362M mutant enzyme obtained
after 5 and 1000 s are shown in Fig. 2B.
The contributions in the Soret region of each of the two hemes to the
reduced-minus-oxidized spectrum of the enzyme are, to a ﬁrst
approximation, about equal [32]. That is, hemea andhemea3 contribute
about equally to themeasured absorption change,ΔA445–460. Half of the
change in ΔA445–460 (Fig. 2A) is accounted for by the ﬁrst component,
and this corresponds to full reduction of heme a. The remaining change
in ΔA445–460, corresponding to the reduction of heme a3, occurs in two
phases. The ﬁrst phase corresponds to the reduction of half of heme a3.
The second phase of reduction of heme a3 is considerably slower, and is
completed after about 1000 s. In the K362M mutant, all of heme a and
half of heme a3 are reduced within a few seconds. The primary effect of
the K362M mutation is to substantially slow the reduction of half of
heme a3. This is consistent with a rapid (completed within ∼5 s) one-
electron reductionof thebinuclear center,with theelectronequilibrated
between heme a3 and CuB.
3.2. The EPR spectrum of the partially reduced K362M mutant
If the binuclear center were reduced by one-electron after about 5 s,
as indicated by the changes in the absorption spectrum (Fig. 2) this
would break the anti-ferromagnetic coupling betweenheme a3 andCuB.
Either CuBwould be reduced, revealing the EPR spectrumof ferric heme
a3, or hemea3wouldbe reduced, revealing the EPR spectrumof CuB., The
X-band EPR spectrumof thewild type oxidase in the fully oxidized form
(not shown) is similar to what has been previously reported [33], and is
virtually identical to the EPR spectrum of the oxidized K362M mutant
(Fig. 3). The signals at g=2.8, 2.3 and 1.6 are due to heme a, and those at
g=2.2, 2 and 1.9 are due to CuA. The signals seen at g=6and g=4.3 are
attributed to small concentrations of high spin ferric heme a3 andnt oxidases. Stopped-ﬂowmeasurementswere recorded at 25 °C using a 1-cmpath length.
n to give an operational extinction coefﬁcient, ε445-460 (μM−1 cm−1). The buffer used was
ionite, and enzyme was contained in the second syringe. (A) The kinetics of reduction of
p panel shows the reduced spectrum of K362M recorded at t=5 s (solid) and t=1000 s
e largest component with Soret absorption at 425 and 444 nm corresponds to heme a [31]
d to heme a3 [31] and have rates of 0.37 s−1 and 0.022 s−1 respectively.
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binuclear center in this enzyme is structurally intact.
To the anaerobic oxidized enzymes, dithionite solutionwas added to
a ﬁnal concentration of ∼2 mM (25-fold excess), mixed well and then
quickly frozen in liquid nitrogen after about 5 s. As expected, the sample
of the wild type oxidase shows no EPR spectrum, since all the metal
centers in the oxidasehavebeen reduced (Fig. 3). In contrast, the sample
of the “reduced” K362M mutant shows an intense EPR spectrum,
corresponding to the spectrum of high spin heme a3, with a signal
centered at about g=6 (Fig. 3). This deﬁnitively shows that part of the
population of the “5-s reduced” K362Mmutant oxidase has a binuclear
center in which heme a3 is oxidized (ferric) and CuB is reduced
(cuprous). An estimate of the concentration of the ferric heme a3 was
made by comparing the intensity of the high spin heme a3 signal to that
of a ferric myoglobin standard (Fig. 3). The EPR spectrum of myoglobin
was recorded at concentrations of 10 μM, 25 μM and 35 μM. The line
width of the myoglobin high-spin heme is narrower than that of the
high spin heme a3, but a semi-quantitative comparison of intensity was
made by integrating the spectra from g=9.4 to g=4.4. An approximate
estimation is that∼30% of heme a3 is oxidized and adjacent to a reduced
CuB in a one-electron-reduced binuclear center. Thismain point is that a
signiﬁcant portion of the enzyme has a binuclear center in which heme
a3 is oxidized and CuB is reduced.Fig. 3. X-band EPR spectra of (A) 90 μM oxidized K362M oxidase; (B) K362M oxidase
reduced with 2 mM dithionite for 5 s and then ﬂash frozen; (C) wild type oxidase
reduced with 2 mM dithionite for 5 s and then ﬂash frozen; (D) myoglobin, used as a
standard to quantify the concentration of high-spin heme. Conditions: temperature,
15 K; microwave power, 20 mW; modulation amplitude, 10G; microwave frequency,
9.0448 GHz.3.3. The rate of reduction of heme a3 in the E101A and T359A mutants
E101 and T359 are highly conserved residues in the K-pathway
and it was previously shown that the rate of heme a3 reduction is
impaired when either of these residues is mutated to alanine [29]. The
E101A and T359A mutants have 8% and 35% steady state oxidase
activities, respectively, compared to the wild type. A 1000-fold excess
of sodium dithionite, plus a lesser amount of ruthenium hexaammine
II (50 µM), were rapidly mixed with the enzyme to reduce it under
anaerobic conditions. Under these conditions, the reduction of heme a
is complete during the dead time of the stopped-ﬂow instrument, and
the very slow phase of reduction of heme a3 is absent in the E101A and
T359A, although complete reduction of heme a3 takes longer than in
the wild type enzyme (not shown). This is consistent with the
signiﬁcant steady state activities of these mutant oxidases.
3.4. The rate of reduction of heme a3 in the K362T mutant
The K362T mutation was examined in part because in the B-family
respiratory oxidases, the corresponding position occupied by lysine in
the R. sphaeroides enzyme (A-family) is always a threonine [34].
However, the steady-state oxygen reduction activity of K362T in the
A-family R. sphaeroides oxidase is negligible. The kinetics of the
anaerobic reduction of K362T differs from that of K362M (Fig. 4), but
both have a very slow phase of reduction of heme a3, indicating that
K362T is effective at blocking proton ﬂux through the K-channel.
4. Discussion
The data presented in this work show that the fully oxidized
binuclear center can be rapidly reduced by one electron even if the K-
channel is blocked by the K362 mutation. This is consistent with the
previous observation by Jünemann et al. [14], who also concluded that
one electron can enter the binuclear center without proton uptake
when the K-channel is blocked by the K362M mutation. Approxi-
mately half of heme a3 is anaerobically reduced by dithionite within a
few seconds, whereas roughly 30% of the population has ferric heme
a3 adjacent to reduced CuB. The simplest interpretation is that the
heme/Cu center of the K362M mutant is rapidly reduced by one-
electron which distributes between heme a3 and CuB.
The rate of anaerobic reduction of heme a3 has been reported
previously for the K354Mmutant of the P. denitriﬁcans oxidase [13]. InFig. 4. Kinetics of the anaerobic reduction of the heme groups in the K362M and K362T
mutant oxidases. Conditions were the same as described in the legend to Fig. 2, with the
exception that the syringe containing the dithionite also contained 100 μM hexaammi-
neruthenium. The reduction of heme a is virtually complete within the dead time of the
instrument.
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and about 25% was reduced after 10 s. The reduction of CuB was not
determined. The measurement of proton uptake from solution by
Forte et al. [13] showed that blocking the K-channel by the K354M
mutation of the P. denitriﬁcans oxidase prevents slightly less than 2
protons from being taken up from solution by the enzyme after 10 s,
compared to the wild type oxidase. The D-channel is not involved in
proton uptake upon anaerobic reduction of the oxidized enzyme
[9,13]. Blocking the D-channel of the P. denitriﬁcans enzyme does not
reduce the number of protons taken up by the enzyme after 10 s, nor
the rate or extent of reduction of heme a3 [13].
Thesedata [13] imply that full reductionof thehemea3/CuB center of
the wild type enzyme is accompanied by the uptake of approximately 2
protons through the K-channel. It is likely that the one-electron
reduction of the binuclear center in the K362M mutant creates a
“proton deﬁcit,” perhaps accompanied by local proton rearrangements
within the protein. One possibility is that the one-electron reduction of
the binuclear center results in proton transfer fromY288 to hydroxide at
the binuclear center, generating water and deprotonated Y288. The
postulated deprotonation of Y288 can be experimentally tested by FTIR
difference spectroscopy [35,36]. Delivery of the second electron to the
binuclear center requires an accompanying proton, in addition to a
proton to make up the proton deﬁcit from the ﬁrst electron.
In the wild type “resting” oxidized form of the enzyme, it is not
clear whether the one-electron reduction of the binuclear center is
accompanied by the uptake of one proton through the K-channel at
pH 7. However, proton uptake through the K-channel has been
experimentally demonstrated to accompany the one-electron reduc-
tion of the binuclear center in the “activated” OH state of the oxidase
[18], in which photo-reduction of the enzyme results in reduction of
CuB. In this experiment, the ﬁnal redox state of the enzyme has CuA,
heme a and heme a3 oxidized and CuB reduced. In the current work, it
may be important that the one-electron reduction of the heme/Cu
center is in enzyme in which CuA and heme a are reduced.
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